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EVALUATION OF THE EGAS OPEN CYCLE MHO POWER PLANT DESIGN. 

George R. Seikel, Peter J. Staiqer, and Carlson C. P. Pian 

NASA Lewis Research Center 
Cleveland, Ohio 44135 


SUMMARY 

The Energy Conversion Alternatives Study ^ECASl MHD/steam power 
plant is described. The NASA critical evaluation of the design is 
summarized. Performance of the MHD plant is comoared to that of the 
other type EGAS plant designs on the basis uf efficiency and the 
30-year levelized cost of electricity. Techniques to improve the 
plant design and the potential performance of lower technology 
plants requiring shorter development time and lower develooment cost 
are then discussed. 


INTRODUCTION 

The Energy Conversion Alternatives Study lECASl studied, using 
common groundrules, various concepts for advanced power plants fired 
by coal or coal-derived fuel. This unique effort, ref. 1-9, was 
managed by the Lewis Research Center of NASA and was jointly funded 
by NSF, EROA, and NASA. Prime contractors for the study were the 
General Electric Company and the Westinghouse Electric Corporation. 

In the initial phase of the EGAS, various type power plants were 
studied parametrically. Subsequently, 11 specific plants were 
selected for conceptual design in Phase 2. One of these plants was 
an open-cycle MHD topped steam power plant. This MHD plant was 
investigated by the G.E. team which included the AVCO Everett 
Research Laboratory, the Foster Wheeler Energy Corporation, and the 
Bechtel Corporation. The other plants studied in Phase 2 of the 
EGAS were three advanced steam plants, four combined- cycle plants, a 
closed-cycle gas turbine plant, a potassium topoed steam plant, and 
a high-temperature fuel cell topped steam plant. G.E. designed 
seven of these plants and Westinghouse designed three. The other 
plant (the fuel cell pi anti was designed by the United Technologies 
Corporation under contract to Burns and Roe. 

This paper will describe the EGAS open-cycle MHD power olant 
(refs. 5, 10, and 11) and summarize the NASA critical evaluation of 
the design and the comparison of the plant performance with the 
other plants studied in the EGAS (refs. 8, 10, and 12). Techniques 
to improve the MHD plant design and/or to lower the level of 
technology required to implement its development are then discussed. 
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The work was partially funded by the Department of Energy under 
Interagency Agreement No. EF-77-A-01-2674. 



EGAS OPEN-CYCLE MHD P0WE9 PLANT 


The EGAS MHD/steam power plant was chosen to he a larqe 
coa1-fire<1 plant, nominally ?000 MWe. It uses a high temperature 
fPSOOF) so-called "direct" air preheater, i.e., the MHO oxidizer for 
the MHD combustor is preheated by the MHO exhaust in a high 
temperature refractory regenerative hea^ exchanger which is in 
series with a lower temperature metallic recuperative heat 
exchanger. 

The MHD plant and all the other FCAS plants were assumed to 
operate with a capacity factor of 651f. The EGAS Utility Advisory 
Panel indicated that to obtain this capacity factor, a plant may 
typically need an availability of 90%. The plant produced 60 Hz 
power at 500 KV suitable for transmission to a grid and was designed 
to comply with existing EPA environmental regulations. 

Figure 1 shows a schematic of the EGAS MHD/steam plant. The 
major plant parameters are summarized in Table 1. Illinois #6 coal 
is combusted with 2500F preheated air (without Oo enrichmentl in 
this single-stage MHD combustor. The coal is pulverized to 70% 
through 200 mesh and dried to 2% moisture. The coal is burned 
fuel-rich to minimize NO^ production. The single-stage combustor 
is assumed to reject 85% of the coal slag. The combustor is seeded 
with potassium carbonate to produce a 4634 F exhaust with i% weight 
flow of K. 

The MHD nozzle/generator/diffuser expands the flow from a total 
pressure of 9 atmospheres in the MHD combustor to 1.14 atm and 
3662 F. The MHD generator produces 1420 MW of DG electrical power. 
The DG output of the MHD generator is converted to 60 Hz AG power 
through an inverter system. 

The high-subsonic velocity, diagonal-wall MHD generator design 
is slag coated, has zero Hall current (axial current!, and expands 
the flow in the generator at approximately constant velocity. The 
latter assumption is chosen to avoid the possibility of separation 
or so-called "stall." The MHD generator is designed for a constant 
load parameter of .8 (a current 80% of the short circuit current for 
this diagonal wall-type design! and utilizes three separate DC loads 
along its length. The maximum Hall field (axial electric field' and 
Faraday current density (transverse current! in the generator design 
are 2.7 kilovolts /meters and .74 A/cm^, respectively. The 
diffuser recovery efficiency was assumed to he 70%. The MHD 
combustor/nozzle/generator/diffuser is cooled by high pressure (4800 
psia) and high temperature ( 495 F! feed water. As a result of 
these selected operating conditions, the MHD generator isentropic 
efficiency is 0.76. 
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The MHD combustion products flowing from the MHO diffuser are 
slowly cooled to ?%0 F in the radiant furnace. The residence time 
in this component is selected to insure that the NOx has 
decomposed to an environmentally acceptable level. Before the flow 
exits the radiant furnace, secondary unoreheated air is added to 
complete combustion. 

Exhaust of the radiant furnace provides the heat input into the 
high temperature refractory regenerative air preheaters. The 
thermal duty of these periodic flow, cored brick heat exchangers is 
limited by the mass flow of hot gas and the maximum temperature 
difference between the maximum inlet and minimum exit temperature of 
the combustion products. The maximum inlet temperature results from 
the NOx constraints in the radiant furnace. The minimum exit 
temperature must be sufficiently high to avoid plugging the heat 
exchanger by condensing seed compounds. In the EGAS plant an exit 
temperature of 2225 F was selected which is slightly below the dew 
point of the potassium sulfate. Thus to obtain the desired ’SOO F 
air preheat, the air needs to be heated to 1400 F in a metallic 
recuperative heat exchanger before entering the high temperature 
regenerators. 

The exhaust products flowing from the high- temperature air 
heaters is split to provide heat to both the low-temperature air 
heater and the steam superheater/reheater. The flow is subseguently 
cooled to the 251 F stack temperature by the coal dryer and 
economizers. 

Independent standard supercritical steam turbines are used to 
drive the air compressors and the AC generator. The steam 
condensers are maintained at 106 F f?.3 in. of mercuryl by 
mechanical wet cooling towers. A split economizer configuration is 
utilized in the plant to permit use of additional feedwater heaters 
which improve the efficiency of the steam cycle. 

The potassium carbonate lKpC 03 ) seed used to provide the 
electrical conductivity in the MHO generator reacts in the generator 
exhaust with sulfur introduced with the coal to form K;>S 04 . The 
seed thus also prevents plant SOx emissions from exceeding ERA 
standards. The K^SOa is collected and chemically reprocessed in 
an integral seed treatment facility to K^COi fwhich is recycled 
to the MHO combustor! and to H?S (which is further reduced in a 
Claus plant to elemental sulfur for disposal!. The synthesis gas 
reguired as input to the seed reprocessing facility is assumed in 
the EGAS plant to be provided by a non- integrated over-the-fence 
gasifier. 
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EGAS MHD PLANT PERFORMANCE AND COST 

Table ? suramai Izes the 6.E. Phase ? ECAS MHO/steam plant 
perfonnance and cost. The net power plant output Is 1®3? MWe and 
the plant capital cost is S718 per KWe. The cost of electricity 
fCOE) is 31.8 mills per Icw-hr and is principally the result of the 
capital charges, 22.1 mills per kw-hr. Plant economics is, of 
course, sensitiye to the assumed ground rules which will be 
discussed in a subsequent section entitled Comparison of ECAS Power 
Plants. 

Based upon historical data and the total estimated construction 
site man-hours, the Bechtel Corporation estimated the construction 
time for this plant to be 6-1/? years. This construction time was 
then used to calculate the portion of the capital cost associated 
with interest and escalation during construction which accounts for 
40 percent of the plant capital cost. 

The operating and maintenance cost includes, in addition to the 
normally expected plant maintenance, special maintenance for high 
technology MHD components. For example, every 10,000 hours the MHO 
combustor, nozzle, and generator are assumed to be replaced and 
checker bricks in the high-temperature air heater are assumed to 
require partial or complete replacement. 

Figure 2 illustrates the simplified energy flow diagram for the 
ECAS MHD plant. The high plant thermodynamic efficiency, 64<, is 
obtained by dividing the gross electrical power output bv the coal 
input. The power plant efficiency includes subtracting the 
auxiliary power and transformer losses and includes the input of the 
IBTU fuel gas needed to operate the seed reprocessing plant. The 
overall energy efficiency <coal-pile-to-hus-barl is obtained by 
including the inefficiencies in the IBTU gasifier which by 
assumption was placed outside the power plant fence. 

The total thermal input to the MHD generator is 549^ MWjh of 
which 1420 or approximately 26t is converted to DC electric power in 
the MHD generator. The total heat transferred to cooling water in 
the combustor, generator, and diffuser is 235 MWjh or 4.3< of the 
thermal flow. Slightly more than 36iS of the thermal input to the 
downstream heat exchangers is recycled to the MHD combustor via the 
air heaters. 
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The stean turbine/qenerator and steam tu*‘hine/cnmoresso*' 
bottoming cycles have thermodynamic efficiencies of 41.8 and 41. 3t, 
respectively. These compare to a thermodynamic efficiency of 
aoproxlmatel V 45t for a free-standing larpe steam plant. The lower 
efficiency of the MHO steam bottoming cycle results from the fact 
that less renenerative feedwater heatinq can he used than Is used In 
a free-standing steam plant. A slight improvement over the EGAS 
steam bottoming cycle performance can be obtained by rearranqement 
of the economizer and feedwater heater confiqiiratlon. Specifically, 
The EGAS plant's full flow split economizer can be replaced by a 
single partial flow economizer which has In parallel regenerative 
feedwater heaters to heat the remaining feedwater. 

In this MHO plant the seed reprocessing facilities and their 
gasifier were not Integrated with the power plant. Estimates, ref. 
8, Indicate that tight integration of these systems with the power 
plant could increase the coal-pile-to-hus-har efficiency of the 
total plant from 48. to approximately SOX. Other improvements In 
plant performance are obtainable through recuperatively preheating 
the secondary air and/or use of a less conventional full-flow coal 
dryer downstream of the economizer such as proposed for the Baseline 
plant (ref. 131. 

Table 3 tabulates plant cost distribution and the Installed cost 
of the most expensive major plant components. Surprisingly the 
low- temperature metallic recuperative air heater was the most 
expensive single component. Because of the high, 1400 F, 
low- temperature recuperative heat exchanger outout temperature, the 
design used significant amounts of expensive Hastalloy. The high 
cost of this component was unexpected and was not identified until 
Phase ? of the EGAS. H-'d it been anticipated, the cost of this heat 
exchanger could have been significantly reduced bv lowering Its 
uoper temperature. To accomplish this, part of the low-temperature 
air heater duty must be shifted to the high-temperature air heater. 
The duty of the high- temperature air heat*»r can be increased, 
without changing its inlet and exit temperatures, by mixing recycled 
stack gas with the MHO diffuser exhaust upstream of the radiant 
furnace. The resultant increased mass flow through the air heater 
and other heat recovery heat exchangers would, however, cause some 
increase in their cost, and a stack gas blower and additional piping 
would also be needed. 

The other major plant components listed in Table 3 are and will 
be expensive. For one item, the high- temperature air heater, NASA 
estimates fref. 8) that the cost could be significantly higher, up 
to as much as a factor of two. The major uncertainty is the type of 
refractory material required for the cored brick and its cost. 
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Generally, the uncertainties in cost in the high technology 
components of the MHD/ steam plant will not, however, strongly affect 
the total plant cost and/or its COE. Table 4 from ref. 8 
illustrates this point. In Table 4 the best judrjment of NASA has 
been used to subdivide the construction cost of the MHD/steam plant 
into three categories: current technoloqy, near-term technology, 

and advanced technoloqy. The MHD plant has a relatively small 
fraction, ]hi!, of its cost in the advanced technology category. 
Therefore even if the cost of the advanced technology components 
doubled, the COE rT this plant would he only increased by 
app’'Oximatelv 14^ Other advanced high performance plant concepts 
studied in EGAS in fact had at least equal or greater fractions of 
their costs in the advanced technology category. 


COf-IPARISON OF ECAS POWER PLANTS 


Table 5 summarizes the contractors' overall results for the 11 
plant conceptual designs studied in the ECAS. The listed costs are 
on the basis of the ground rules specified to the contractors by 
NASA which included: start of construction of all plants in 

mid-1975, escalation during construction of 6-1 per year, 
interest during construction of ’0^ per year, a specified cash flow 
curve for construction, a fixed charge rate of 18< per year, 
specified fixed fuel costs (SI per million BTU's for Illinois #6 
coaL delivered to site, etc.l, and a fixed specified labor rate to 
be used for calculating operating and maintenance costs. 

Since the time of construction for various plants differs, the 
contractor COE charges correspond to plants that come into operation 
in different years. The cont»"actor total COE also do not include 
any escalation in fuel and in operating and maintenance costs. 

The data of Table 5 does however provide the basis for: 

11 comparing plant efficiencies, ?1 comparing the sum of the fuel 
and the operating and maintenance charges (which is important to a 
utilities dispatch proqraml and 31 for calculating COE for these 
plants under various alternative economic ground rules. As 
indicated in Table 5, the MHD plant has one of the highest 
efficiencies of all the plants studied in the ECAS. 

In calculating the COE for the ECAS plants, all plants have been 
assumed to operate with a capacity factor of 65t. From Table 5, 
however, it can be seen that the MHD/steam plant has the lowest si i 
of fuel plus operating and maintenance charges. Therefore, a 
typical utility dispatch program would like to ope-ate this plant in 
preference to the other types of ECAS plants, except for the 
possible disadvantage of its large size. 
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Reference 14, an independent EPRI -funded study by Westinghouse 
shows that an MHD/ steam plant such as the EGAS plant would 
essentially be operated in a typical utility whenever it is 
available and would not require an availabilitv of ^0% to obtain a 
capacity factor of 6S%. In contrast, high operating plus fuel cost 
plants such as the H coal combined cycle plants in EGAS may have 
dif.'iculty being dispatched enough by a utilitv to obtain a capacity 
factor of 65%. 

Figure 3 shows the NASA calculation*, using the contractor 
data of Table 5, of the 30-year levelized cost of electricity fin 
mid-1975 dollars) for the various EGAS plants. This method has been 
adopted, ref. 15, for EPRI use in compa*'inq power plant 
alternatives. The economic basis is that of comparing the present 
worth of the future revenue requirements for meeting all the cost 
associated with each alternative. The revenue requirments can for 
comparative purposes he stated in terms of levelized annual revenue 
or levelized cost of electricity. In performing such calculations, 
it is important that consistent rates are used for the fixed charge 
rate, the discount rate fweighted average cost of capital), and 
inflation. Escalation of fuel in fixed dollars may also be 
included. For the data shown in figure 3, NASA has assumed IS’f 
fixed charge rate, 10% discount rate, 6.5% inflation, and no 
escalation of fuel in fixed dollars. The 30-vear time corresponds 
to the assumed plant life for the EGAS plant designs. As previously 
described, however, soecial maintenance of the biah technology MHD 
components has been included in the GOE for the MHD plant. 

Figure 3 shows that the open-cycle MHD/steam plant has by a 
slight amount the lowest cost of electricity in addition to its very 
high efficiency. If escalation of the coal price in fixed dollars 
(as projected by EPRI, ref. 15) had been included in calculating the 
COE of the plants, then the high performance plants in figure 3 
would on a relative basis be even more attractive. The EGAS MHD 
plant was selected, on the basis of the best judgment available, to 
be representative of a mature MHD power plant. Detailed analysis 
was not performed to either maximize efficiency or minimize COE. 
Additional analysis is required to define olant efficiency as a 
function of operating conditions and the variation of plant COE as a 
function of efficiency. 


★ 


The authors would like to acknowledge the assistance of R. M. 
Donovan in calculating these levelized COE's. 
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EGAS MHO PLANT CONCLUSIONS 

The EGAS demonstrated: 1) that the MHO/ steam power plant has an 

excellent potential for obtaining both high efficiency and low COE, and 
21 that the estimated MHO plant COE is rplatively insensitive to 
uncertainties in the cost of advanced technology components. The chief 
issues in commerci al izi ng the MHD/steam plant concept are associated 
with demonstrating the required performance and operating life of the 
plant components and demonstrating the viability of the concept as a 
plant system. G.E., as part of EGAS, estimates that to implement the 
development of its EGAS MHO plant concept would require approximately 
20 years and approximately 1-1/2 billion mid-iO/S dollars. 

Subsequent to the completion of EGAS, G.E. under fundi nq from ERPI 
bas defined ^ref. 16) techniques for assessing the desirability of 
advanced power plant alternatives. In ref. 16 these techniques are 
then used to evaluate the desirability of the ECAS/MHD steam plant for 
two scenarios, one being if the MHO plant is the only advanced 
technology plant developed and the other being if three attractive 
advanced technology plants are developed (the EGAS MHD/steam, a 
efficient-3000F open-cycle water-cooled qas turbine combined cycle, and 
an atmospheric-fluidized-bed advanced steam). Results show that after 
it is available, the EGAS MHD/steam plant captures the future baseload 
power market. 

In addition, the G.E. cost benefit analysis indicates that the MHD 
plant would have a worth from the viewpoint of the nation or the 
utilities of more than one or two orders of magnitude greater than the 
cost of developing the MHD plant fthe specific value depends on 
alternatives developed and viewpoint). These large benefits resulted 
despite the fact that the MHD plant was assumed to have a high 20 % 
forced outage rate and to have a small amount of turn-down capability. 
Results also indicate that the 2000 MWe EGAS plant was larger than 
desi rable. 


EARLY GOMMERGIAL MHD PLANTS 

The EGAS MHD plant conceptual design was based on some advanced 
technology components that may not be included in the first commercial 
plants. Specifically, high-temperature and high-pressure cooling was 
used for the MHD generator; the high-temperature air preheat for the 
MHD combustor was accomplished by refractory regenerative heat 
exchangers (direct preheaters); an advanced seed reprocessing concept 
was used; and (to obtain the required plant availability) a minimum 
operating life of approximately 6000 hours was required fo** the MHD 
channel . 
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NASA LoRC, under Interagencv Agreement v/UH the MHO Division of 
DOE, has recently Initiated parallel contracts to the AVCO Everett 
Research Laboratory, Inc. and the General Electric Corporation to studv 
early commercial MHD plants. The goal of these studies Is to define 
coal-fired, open-cycle MHD power plants that have an efficiency greater 
than 45 percent and can generate electricity at reasonable cost. These 
plants should also have lower develooment risks and shorter development 
times than plants defined In the EGAS. 

Specifically, these earlv commercial MHD plant studies will examine 
use of near-term, separately-fired, high-temperature, refractory stoye 
technology to preheat the MHD combustor air. Preheater fuel will be 
obtained from coal gasifiers which are either presently available or 
projected to he available within a decade. Oxvgen enrichment of the 
MHD combustor air, near-term technologv for seed reprocessing, or other 
approaches avoiding seed reprocessing, and better optimization of the 
MHD channel and the plant design will also he assessed. 

Aspects of the Impact of plant design on plant avallahlllty and 
capad^ factor are Illustrated In references 17 and 18. Reference 17 
shows .nat If the plant Is constructed with a stand-by spare MHD 
combustor, channel, magnet, and diffuser; high pla^t availability can 
be obtained with substantially lower channel ooer. mg life than 
required In the EGAS MHD plant. Reference 18 Indicates that an 
Improyement In plant capacity factor may he obtainable If the 
configuration permits separate bottoming steam cycle operation during 
channel replacement. 


MHD PLANT PERFORMANGE 


The Impact on the MHD plant performance of component performance 
and plant design can be examined with the aid of figure 4 from »rh1ch 
the following expression for the thermodynamic efficient, Hf, of an 
MHD/steam plant can be obtained. 


''T 


’’N/pp (1 - nj) ♦ nj 


(1 + P 


Vp, 



( 1 ) 


Where 

Pp Is the chemical power In the total plant fuel Input <HHV1: 

MHD combustor fuel plus any separately-fired preheater fuel. 

Pn Is the net MHD electrical/mechanical power: MHD generator 

power minus the sum of the MHD compressor power and any power used 
to operate an oxygen plant. 

Pl Is the total power lost from the cycle: stack losses, 

coal dryer power, plus other heat losses. 
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Pj Is the power in the seed associated with convertinq It from 

K^COj to KpSO^. 

is the steam bottominq cycle thermodvr.amic efficiency. 

The EGAS results indicate that the overall plant efficiency would 
for Illinois 6 coal be four to five percentage points lower than the 
thermodynamic efficiency ^depending on the details of the seed 
reprocessing approach utilizedl. 

For a given fuel input and seed-to-fuel ratio, eg. 1 shows that the 
plant thermodynamic efficiency is a linearly increasing function of 
both the net MHD power and the steam cycle efficiency and a linear 
decreasing function of the total thermal power loss. For EGAS plant 
conditions, a 1.7% increase in net MHO power or a 2.4< decrease in 
total power losses increases plant efficiency in percent hv l point for 
1.8S<). A point increase in steam cycle efficiency increase plant 
efficiency 0.625 points. 

Eg. ! also can he rearranged to show that ’ll minus he is 
inversely proportional to Pp. Pp can he rewritten as the MHO 
combustor fuel times one plus the ratio of the separatel v-fired air 
preheater fuel to the MHO combustor fuel. Thus, one can see that a 
separately-fired plant has an inherent disadvantage in comparison to a 
directly-preheated plant. This disadvantage can he partly alleviated 
both by operating at a higher preheat temperature and by minimizing the 
preheater fuel required via maximum use of recuperation. One 
attractive concept is to use the MHO exhaust to recuperativelv preheat 
the separatel v-fired preheater's combustor air and recycled stack gas 
(needed to limit combustor temperature and control NO^l. 

RELATION OF MHO GENERATOR ANO PLANT PERFORMANGE 

Figure 5 shows for the EGAS fuel input and air preheat conditions, 
the NASA calculated net MHO power, P^^, as a function of MHO combustor 
pressure for four alternative MHO channel designs. Also indicated in 
figure 5 are the corresponding direct-preheated plant thermodynamic 
efHciencies where the other parameters in equation 1 are held fixed at 
the EGAS plant values. The optimum combustor pressure for each channel 
design occurs at the respective maximum net MHO power and Pf point. 

At these points the calculated WiO channel heat loss is indicated. 
Generator heat loss is calculated by integrating the turbulent heat 
flux over the generator wall surface. The slag-coated generator wall 
is assumed to be at 1700 K. 
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Tlie four c^’^nnel designs shown In figure 5 are two constant 
loading, K, designs using the PCAS soecifled magnetic field; one with 
constant velocity and an entrance Mach nunber of 0.8 ^the EGAS 
ass'jnmtlons), the other with approximately constant 0,9 Mach number 
f Y m 2 ■ const). The other cases are also aporoximatelv constant 0.9 
Mach number designs, but for two different length variable magnetic 
fields and variable loading. The two lengths, ?5 and ?1 meters, 
correspond respectively to the overall length of the EGAS magnet and 
the length of its high field portion. In both cases the loading and 
magnetic field was varied to define a channel design which was limited 
at each station either by the magnetic field being 6 tesla or by the 
Faraday current density. Hall electric field, O'' Hall parameter being 
equal to Its maximum in the EGAS channel design. 

Figure 5 shows the dependence of the MHO plant performance on 
channel design assumptions. Detailed studies are required to optlmlie 
the channel design and tradeoffs between channel performance and magnet 
cost will he required to minimize GOE. If the dependence of channel 
operating life on the electric field and current density could be 
defined, then a variable magnetic field and loadino channel could be 
defined which, for specified constraints, maximized channel operating 
life. 

The NASA calculated MHO net power for the 0 atm combustor, constant 
velocity design differs by only l.Tt from the AVGO calculated EGAS 
plant result. The maximum of the net power curve occurs at 9 atm which 
supports selection of this '' ’'atlng pressure for the EGAS plant magnwt 
design. 


OIREGTLY AND SEPARATLY PREHEATED PLANT 
PERFORMANGE WITH 0? ENRIGHMENT 

The potential Impact on plant performance of oxygen enrichment of 
the MHO combustor Is Illustrated In figure 8 for both direct and 
separately-fired preheater MHD/steam plants. The power to operate the 
required gaseous-oxygen air separation plant Is Included In the 
thermodynamic efficiencies shown In floure 6. The energy for producing 
the oxygen Is assumed to he 300 kW-hr per ton, a yalue corresponding to 
standard U.S. plant practice. 

The other assumptions used In calculating figure 6 are that the 
following quantities are equal to the EGAS plant values: the MHO 

generator, diffuser and compressor efficiency; the MHO 
combustor/generator ratio of heat loss to enthalpy extraction; the 
steam bottoming plant efficiency; the coal and coal drying power; the 
stack losses; and the total temperature and pressure at the MHO 
generator exit. For the separately-fired plants, additional 


assumptions are that stack-gas is recycled to the preheater comhustor 
to limit its exit temperature to obtain a 300 F minimum temperature 
difference in the preheater, an<i the pr-jheater comhustor air and 
recycled stack gas are recuperatiyel y preheated to the same temperature 
by MHO exhaust. MHO cwipressor intercoolinq from 800 F down to *>30 F 
is added as required in the higher pressure plant to limit compressor 
exit temperature to 890F. The high intercooler temperature was 
selected so that its thermal power could he assumed to be usefully used 
in the steam bottoming plant. 

Figure 6 indicates tiiat MHO plant efficiency can Generally he 
improved by oxygen enrichment, hut that the plant pressure ratio must 
be sujstantially increased. Separate! v-fired preheater plants benefit 
more from oxygen enrichment than di recti v-preheated plants. In fact, 
for very high temperature directly preheated plants addition of oxyqen 
is detrimental. Other than the power required for its prodiiction, the 
two effects of oxygen enrichment are that it permits higher pressure 
ratio operation of the plant which is thermodynamically desirable, hut 
that for a given thermal inntjt the MHO comhustor and oenerator mass 
flow is decreased. Thus, for a plant directly p^Pheated to a qiven 
temperature, less pov/er is recycled to the comhustor by the preheater. 
For the separately-fired plants, however, the lower mass flow requires 
less preheater fuel. 

Figure 6 indicates that aporoximatel v one half the seoaratel v-fi red 
preheater plant performance difference for 3000 F and ’500 F preheat 
temperature plants can he made up by O 2 enriching the lower 
temperature plant to increase its pressure rat<o to that of the higher 
temperature plant. Figure 6 also indintes the desirability of 
maximizing recuperation for separately-fired preheater plants. 

Figure 7 shows this desirability of recuperation more directly. 
Figure 7 is calculated on the basis of the same assumptions as 
figure 6, except that MHD combustor is held fixed at 15 atm. As the 
preheat temperature is decreased, additional Op is required to 
maintain the combustor temperature necessary to hold the total 
temperature and pressure at the MHD generator exit constant at the EGAS 
values. For the assumptions made, almost no oxygen is used for 3000 F 
preheat; greater amount of oxygen is required for ?500 F preheat; and 
for the directly preheated plants, enrichment is increasing as preheat 
temperature is decreased down to the MHD compressor exit temperature. 
Results are presented in Figure 6 for two values of oxyqen production 
energy: 300 and 200 kW-hr per ton corresponding, respectively, to a 

standard U.S. plant and to an available nlant with minimum energy 
consumption. 
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Figure 6 shows that the simplest MHD plants, the low temperature 
directly preheated plants which use only available technology 
(1100-1400 F) metallic recuperation, are the lowest efficiency plants. 
The highest efficiency plants are the high temperature directly 
preheated plants similar to the EGAS plant. These plants are limited 
to preheat temperatures helow ?700 F hy NO^ considerations and 
preheater ^T requirements. 

Performance of the separately-fired preheater plants using 
available metallic recuperator technology Is midway between the high 
and low temperature directly-preheated plants. Performance of the 
separately-fired preheater plants Improves with recuperation for 
regeneration) temperature, so that use of available refractory heat 
exchanger concepts to Increase this temperature could he desirable. A 
possibility exists for using such a heat exchanger In the MHD exhaust 
after the MHD seed has condensed. The heat exchanger would have a low 
stress level If It Is used to preheat the separately-fired preheater 
combustor air and recycled stack gas at approximately 1 atm. 


CONCLUDING REMARKS 

The EGAS study and subsequent EPRI study using the EGAS MHD'steam 
plant results demonstrated both the attractlye potential and the 
benefits associated with implementing the development of MHD for 
baseload utility applications. Recently Initiated early MHD power 
plant studies will attempt to define attractive MHD plants requiring 
less time and cost to implement their development than the EGAS MHD 
plant. Preliminary studies, such as described herein. Indicate that 
the performance of these lower technology plants should be able to 
exceed 45*. Results of ongoing studies are required to define cost of 
electricity. 
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TAHI.K 1. - MA.K)H DKSIGN PAHAMKTKKSOF COAl./OPEN-CYCLK 
MHIVSTKAM SYSTEM - EGAS PHASE 2 


Coni l>pt- Illinois *r> 

Moistui'i' i-ontml of t-oal «l«.'llvfri’»l lo combustor, percent 2 

Air preheat temperature. “E 2500 

Combustion pressure atm 9 

Combustion t«'mperature. ”E J024 

Coml>ustor fuel-air ratio relative to stoiehiometrie 1.07 

Combustor sla« rejection, percent 85 

SluK carryover to channel, percent 15 

Generator type Dlaftonnl wall 

Averane magnetic flux density, T 5 

Electrical load parameter 0,b 

Potassium seed, percent 1 

bU-am-botlomliiK-eycle conditions. pblR^°E/®F 3500/1000/1000 

C(x>llnK tower type Wet mechanical dnift 

btnek-Kas temperature, "e 251 


CS-77-1400 


TAIU.E 2. - SCMMAHY OF PERPOH.MANCE A.M) COST FOR UfAL/ 
OPEN-CYCLE MHU STEA.M SYSTE.M - EGAS PHASE 2 


Net powerpliuit output (00 Hz; 500 k VI, MWe 19.32.2 

Thermodynamic efficiency, percent M.O 

l»oweiplant efficiency, percent iy.8 

Overall enerity efficiency, percent -18.3 

Coal consumption, Ib/kW-hr 0.055 

Total wastes. Ib/kW-hr 0.082 

Powerplant c.apital cost, dollars 1391.1x10** 

l^owerplnnt capital cost, $/k\Ve 718 

Cost of electrlcit.v (capacity factor, 0.05), mills/kW-hr: 

C.apital 22.7 

Fuel 7.3 

Operation and maintenance 1 ■ 7 

Total 21.8 

Estimated time of construction, yr 8.5 

C. E. estimate of .approximate date of first commercial service .... 199(i-1999 


CS-77-1401 






TABl.K 3. - OPEN-CYCLK MHD PI.ANT CONSTHI'CTFON 


COST DISTUIBLTION 


[General Electric - EICAS Task 2] 



$/kWe 

Installed cost components < loSA'Ve; 


Coal processing and injection equipment 

12 

Magnet system 

23 

Air heaters; 


High temperature 

14 

Low temperature 

31 

Seed recovery and reprocessing 

12 

Radiant furnace 

12 

Steam furnace - SH/RH 

14 

Steam turbine generator 

13 

Inversion equipment 

24 

Toul 

155 

Other** 

172 

ToUl 

172 

Capital costs; 


Subtotal - construction cost estimate 

32M 

Architect and engineering services 

29 

Contingency 

71 

Escalation and interest during construction 

290 

Total 

718 


*A11 other components and balance-of-plant materials plus 
additional direct and indirect site labor. 







TABLK 4. - COST CATKGOKIZATroN K)K KCAS PHASK 2 MHD STKAM PLANT 


Cost catojjjry 

i'neertainty category 

1 


Near- u nn 

Advanewi 

Total 



tethnology 

technology 



Cost, dollars 

1.0 - Lan<l lmpn>vonionts ajid struclun s; 
M.iti' rl.'U 

.4.'). iTHxlt/' 

imm 






I.alx)!' 

.10.009 

11. 490' 10*’ 


85.787x10*’ 

1 


1 2.0 - Co:U :md solids handling: 

Coal proccHSinB and Injection 

11 .tSOxlO*’ 



etpiipmcnt 
Other materials 

12..12h 





Other labor 

4.844 


5. 185x10*’ 

40.242x10*’ 



.T. 0 - Prime cycle: 

Co!il combustor 





MlID nencrat'n'-diffuser 

16.940 


- 



44 . 000 

Seed htindlinK .and injection 
Sc-cd reeovery and repjx>cossin(> 
Electrostatic precipitator 




2. 19t) 
22.900 




12.:i7tM0*’ 




26.850 


iiinh-temperature air heater 



.19. 160' 10*’ 


Low-lemperature air ht-ater 


8. j2U 



Steam turbine-compressor 

8.8.20 



Other materials 

10.000 





Other labor 

12.780 



222 025x10*’ 

4.0 - Steam bottomintj cycle: 

Steam tuiblne- generator 

24. 620x1 o'’ 

22.450x10*’ 



Hadiant lx>ilcr 





Superheater- reheater 

27.750 

6.220 



Economizers 


■|||M 



. . 1 II 

21.615 

Other laljor 

HUHIIIiB 



27.662 

47.4.20x10*’ 


151.417x10*’ 

5.0 - Electrical plant and instrumentation: 
Inverters 
Other material 


29.6i»8xlo'’ 






Other lat>jr 

26.424 



11.2. 562x10*’ 

6.0- Cooling tower system 

9.846x10*’ 



9.846x10*’ 



Total^, dollars 

224.804x10*’ 

178 110x10*’ 

120.065x10*’ 

6.22. 979x10*’ 

Tot.al, S/kW 

174 

92 

62 

.228 


^Materials and labor only. 


CS-77-1402 













TABLE 5. - SI MMARY OF ECAS PHASE 2 CONTRACTOK PERFX)RMANCE AND COST RE8LXTS 


Syatem and contractor 

Net 

EfficiencVi percent 

Construe- 

Capital coat. 
$ 'kWe 

Cost of electricity, mills4iW-hr 


MW 

*n»ermo- 

Power- 

plant 

Over- 

tion 


30-ye«r* 


period, 


Mld-1975, 

dollars 









yr 

ground 

(Capital 

Fuel 

OtM 

Total 

mid-1975. 







rules 






cJollara 

1 - AFB steam 

HM 

43.9 

35.8 

35.8 

5.5 

632 

447 

20.0 


BH 

31.7 

37.6 

fQencral Electric) 









H 




2 - PFB/steam 

904 

41.3 

:i9.2 

39.2 

5.5 

723 

411 

22.9 


2.5 

34.1 

38,6 

(General Electric) 













3 - PFB/stuam 

679 

42.3 

39.0 

39.0 

5.0 

540 

401 

17.3 

8.8 

2.0 

28.1 

34.3 

(WesUnghouitf) 













4 - P(’B/potassiuin aloam 

996 

47.8 

44.4 

44.4 

5.5 

934 

660 

29.6 

7.7 

2.6 

39.9 

41,5 

(General Electric) 













S - AEB/cloaed*cycle ipiN 

476 

50.1 

39.9 

39.9 

5.0 

1232 

s99 

38.0 

8,6 

1.8 

49.3 

49.3 

turbine /orsanic 
(General Electric) 













6 - Low-'Btu gaslfier' Kas 

585 

44.2 

39.6 

39.6 

5,0 

771 

562 

24.4 

8.6 


35.1 

39.3 

turbine /steam 
(General Electric) 










1 



7 - Low^Btu K**iRt^r/gaa 

786 

48.5 

46.8 

46.8 

5.0 

614 

448 

19.4 

7.3 


29.1 

33.6 

turbine /steam 
(Westinichousv) 













8 - Semiclean- fuel-fired 

874 

53.6 

52,2 

39.6 

4.0 

329 

256 

10.4 

14.7 

.9 

26.0 

39.4 

gas turbine/stesm 
(W'estinghouse) 













9 • Semiclean-fuel-fired 

"47 

52.7 

51.1 

37.8 

5.0 

418 

305 

13.2 

l&.O 

1.3 

29.5 

42.4 

gas turbine /steam 
(General Electric) 













10 - Coal/MHD/«team 

1932 

54.0 

49.8 

48.3 

6.5 

718 

477 

22.7 

7.3 

1.7 

31,8 

33.2 

(General Electric) 













U • Low-Btu gaslfler/molten- 

635 

53.6 

49.6 

49.6 


593 

433 

18.8 

6.9 

■g 

28.0 

34.0 

carbonate fuel cell/steam 
(T'nited Technologies Corp.) 





■ 





■ 



Reference - steam with 






mm 


■i 





stack-^s scrubbersi 













on site, calcination 













(General Electric), 






■ 







stack temperature. 
°F 



■ 



■ 


■ 




m 

2S0 

747 

40.7 

m 

31.8 

5.5 

m 

501 

m 

10.7 

2.6 

39.8 


175 

795 

43.7 


33.8 

5.5 

■a 

545 

■SI 

10.1 

2.5 

37.0 

■OH 


Calculated by NASA 
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Figure Z - Simplified energy (low diagram lor Phase 2 conceofual powerplanl • coal/open -cycle MHD/steam powerplanl. 
(Single asterisk denotes that value includes actual seed-sulfur reaction. I 
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